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ABSTRACT 
   
A novel technique based on the two polymer micro-transfer molding (2-P μTM) for fabricating one dimensional (1D) 
high aspect ratio nanoscale metallic structures is presented and experimental characterization is described. Glancing 
angle metal deposition and physical argon ion milling (etching) techniques were also employed in processing. The 
resulting metallic structures have high transmission (~80%) in the visible spectrum and have superior electrical 
conductivity (resistance from 2.4 -7.3 Ω) compared to standard indium-tin oxide (ITO) glass. Thus, the high aspect ratio 
metallic structures are a promising alternative with potentially superior performances to ITO glass as transparent 
electrodes for organic solar cells.   
 
Keywords: 2-P μTM, glancing angle deposition, Argon ion milling, integrating sphere, transparent electrodes  
 
 
INTRODUCION 
 
Since the turn of this century, the search for clean energy and the need for utilizing energy efficiently have been 
primary drivers for both industry and academic research. Such interests have spurred developments in organic solar cells 
(OSCs) 1, 2. The advancements in OSCs are largely processing advantages including lower production costs, and simple 
fabrication methods when compared to their inorganic counterparts. Furthermore, they offer the possibility of device 
fabrication on flexible substrates over large areas with higher throughput which could greatly improve both their 
functionality and economy. Currently, most OSCs employ indium tin oxide (ITO) coated glass as their contact electrodes 
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because ITO offers relatively high transparency for visible light and low sheet resistance for electrical current conduction. 
However, ITO is brittle3, has poor mechanical stability, and poor chemical compatibility with the active organic materials, 
in addition to indium’s high cost as a limited resource. These disadvantages have motivated the search for other 
conducting electrodes with similar or better optical and electrical properties that results in equivalent or superior device 
performance. In recent investigations, carbon nanotube networks, random silver metal nanowire meshes and patterned 
metal nanowire grids fabricated using nanoimprint lithography techniques have been evaluated as potential replacements 
for ITO electrodes.4-6 While the carbon nanotube networks and the silver metal nanowire meshes have equivalent optical 
transparencies to ITO substrates, their electrical conductivities are inferior to ITO and they suffer from current shunting 
due to the random nature of nanotube and nanowire networks. The patterned metal nanowire grids show good visible 
transparency, which was achieved by choosing small line-widths and thickness for the patterned metals. Though their 
sheet resistance is on the same order as ITO, it is still significantly higher than the bulk metals. 
  In this paper, we report a novel fabrication technique for making high aspect ratio nanoscale metallic patterned 
structures. These structures can be used as transparent electrodes for organic solar cells because they have high visible 
light transmission and superior electrical conductivities, which could enhance the performance of the solar cells. They 
also can be used as infrared heat control filters due to their high reflection of infrared radiation. 
 
EXPERIMENTAL DETAILS 
 
Polyurethane (PU) grating structures are first fabricated using a two-polymer microtransfer molding (2P-μTM) 
technique on a transparent substrate such as glass or sapphire.7 The PU bars are trapezoidal in shape which replicates the 
structure of the master molds. The PU gratings were coated with metallic thin films by thermal evaporation. In order to 
coat only the PU bars and not the space between the bars, glancing angle deposition was used. For the purpose of 
transparent electrodes, it is crucial to eliminate the metal coatings in the channels between adjacent bars and on the top 
of PU bars to maximize the optical transmission. By choosing a tilted angle of 45º or more with PU bars of about 1:1 
height to width aspect ratio, the metal atoms are blocked by the PU bars so that they only coat the sidewalls and tops of 
PU bars but not the spaces in between the bars. The same steps can be repeated for the other sidewall of the PU bars. 
(Figure 1 (a), (b), (c)) Different metals such as gold (Au), silver (Ag), and copper (Cu) have been deposited. The 
deposition rate for the metals was maintained at 0.1nm/sec to ensure homogeneous metal coating. The e-beam 
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evaporator pressure was maintained at 10-6 Torr during deposition.  
Physical etching using argon ion milling (Gatan dual mill model 600) was used to remove the metal layers on top of 
the PU bars of the grating structure to enhance transparency. The ion milling was carried out at a voltage of 3 kV and a 
gun current of 1 mA. The high voltage ensures that the argon ions have enough energy to remove the deposited metal. 
The current was adjusted to 1mA so that the ion beam would have a sufficient beam size (~3-4 mm) to cover the sample. 
The vacuum pressure was maintained at 10-4 Torr during the milling. In addition, a low milling angle (10°) results in 
constant rate etching of the top surface and left the surface smoother than high angle configurations. The ion beam 
direction was aligned parallel to the PU bar direction to avoid bombarding the PU sidewalls. (Figure 1 (d)) After ion 
milling, only the metal sidewalls remain. (Figure 1 (e)) 
 
 
 
      
Figure 1: Schematic of multiple glancing angle deposition and low angle argon ion milling 
  
RESULTS AND DISCUSSIONS   
  Figure 2 (a) and (b) are SEM images of a 1-layer 2.5 μm period PU grating structure before gold deposition. The 
45º deposition
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structure has a trapezoidal shape, with an angle of about 10º off vertical, and the bar height is about 1.2 μm. Figure 2 (c) 
and (d) are SEM images of the structure after oblique angle deposition of gold and after argon ion milling. The images 
show that the top metal layers on PU bars of both samples were completely removed by the low angle argon ion milling 
(etching). The etching is very homogenous over the entire sample area (4 mm x 4 mm).  The PU bars and gold 
sidewalls are intact, and the original PU structures were retained without any deformation or structural damage. The 
heights of the gold sidewalls are estimated to be the same as that of PU bars (1.2 μm). The thickness of the gold layer is 
70 nm. Therefore, the gold sidewalls are nanowires with a high 17:1 aspect ratio. Since gold was deposited on both 
sidewalls, the periodicities of the gold nanowire patterns are reduced by half to around 1.2-1.3 μm. It was observed that 
the top of PU bars is slightly roughened, which indicates some over-etching in ion milling. Such imperfections can be 
avoided if a lower voltage or a shorter milling time were used. However, as shown in the next section, this slight 
roughness does not significantly affect the optical and electrical properties of the samples. 
   
   
Figure 2: Scanning electron microscope (SEM) images of one-layer PU grating structure with 2.5μm periodicity by 2-P microtransfer 
molding and the sample after argon ion milling. 
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The optical properties of the structures were investigated by both specular and total transmission measurements. The 
specular transmission is measured by collecting the transmitted light at normal incidence, and the total transmission is 
measured by collecting the light at normal incidence as well as the diffracted light with an integrating sphere. Figure 3 (a) 
shows the total transmission of glass, and the specular and total transmission of 1-layer 2.5 μm period PU grating on 
glass substrate. Due to the diffraction of the PU grating structure, the specular transmission has a characteristic peak at 
around 600 nm wavelength and the intensity is around 60%. The peak position is dependent on the periodicity and height 
of the grating structure. The total transmission spectrum is flat and its intensity is 84-86% over the entire optical 
wavelength range, which is lower than that of glass (92%) because of some diffracted reflection of the grating structure. 
Figure 3 (b) shows the transmission spectra of the PU grating structure with 70 nm thick gold sidewalls after argon ion 
milling. With the gold sidewalls, the peak position of the specular transmission is unchanged but the intensity is reduced 
to around 45%. However, the average of the total transmission is around 75% and can reach 80% at 700 nm wavelength. 
This high visible light transmission of the argon ion milled metal patterned structures is very promising as transparent 
electrodes because most visible light was allowed to propagate through the patterned metallic/polymeric structure.  
400 500 600 700 800 900 1000
0
20
40
60
80
100
 
 
Tr
an
sm
is
si
on
 (%
)
Wavelength (nm)
 Glass total
 PU grating total
 PU grating specular
400 500 600 700 800 900 1000
0
20
40
60
80
100
 
 
Tr
an
sm
is
si
on
 (%
)
Wavelength (nm)
 70nm gold Total
 70nm gold Specular
 
 
Figure 3: (a) Specular and total transmission of a 1-layer 2.5 μm period PU grating on glass and (b) Specular and total transmission of 
the 2.5 μm PU grating with 70 nm gold sidewalls after argon ion milling 
   
  Figure 4 shows the total transmission of ITO glass and 1-layer 2.5 μm period PU grating structures on glass with 70 
nm gold and silver sidewalls after argon ion milling. The silver sample has an average value of 77% and highest 
transmission reaches 80% in the infrared range. This highest transmission is comparable to that of ITO glass indicating 
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the metal patterned structures could be used to replace the ITO glass as transparent electrodes. It should be noted that the 
optical transmission of the bare PU grating alone is ~84-86%. Therefore, if polymer grating templates with a higher 
visible light transmission were used, or the PU is removed by oxygen etching, the transmission of the structures could be 
further increased. 
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Figure 4: Total transmissions of ITO glass and 1-layer 2.5 μm period PU grating structures on glass with 70 nm gold and silver 
sidewalls after argon ion milling 
 
 
  Two-wire electrical measurements (Fluke 8840A multimeter) were performed to measure the resistance of the argon 
ion milled high aspect ratio metallic structures. Metal contacts were deposited on two ends of the structures to connect 
all metallic sidewalls. The total area of the sample is 4 mm x 4 mm. The resistance of the 2.5 µm structure with 70 nm 
gold sidewalls was measured to be 7.3Ω. This resistance is lower than that of the ITO glass, which has a sheet resistance 
at around 10Ω/□. Therefore, these structures have potential for use as transparent electrodes for organic solar cell devices. 
Although the structure with gold sidewalls shows a comparable resistance to ITO glass, it is still not significantly 
improved. Because this high aspect ratio metal structure with a line-width similar to that of nano-imprinted grid 
structures, with more metal materials on the vertical direction ( >1 μm sidewalls compared to 40-80nm), it is intuitive to 
anticipate a much lower resistance. This relatively high resistance is probably due to the nano grains formed during the 
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gold deposition, which can significantly increase the measured resistance of gold. The grain effect could be reduced by 
annealing the gold at ultrahigh vacuum and high temperature to form larger and fewer grains. The resistance of the 2.5 
µm structure with 70 nm silver sidewalls was measured to be 2.4Ω. This much lower resistance is because silver sample 
do not experience the severe nano grain effect. This fivefold decrease in resistance suggests it can outperform ITO glass 
electrodes.  
 
CONCLUSIONS 
  In conclusion, we have developed a novel fabrication method for making high aspect ratio metallic structures as 
transparent electrodes by combinations of two-polymer microtransfer molding, glancing angle metal deposition and 
argon ion milling techniques. High optical transparency in the range of 80% was achieved and superior conductivity was 
obtained. Different metallic materials with different work functions can be deposited to accommodate the needs for 
organic solar cell applications. Furthermore, such transparent electrodes can be fabricated on flexible substrate and this 
will make the flexible solar cells and flexible displays achievable.  
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EXPERIMENTAL 
 
  Fabrication of polyurethane grating structures: The polymer grating structures are fabricated by the two-polymer 
microtransfer molding (2P-μTM) technique.7 In 2P-μTM, two prepolymers are used, one as the filler, and the other as the 
adhesive to enhance the bonding between the first layer and the substrate. The filler is UV-curable polyurethane (PU) 
and the adhesive is polymetacrylate (PA). A wet-and-drag (WAD) infilling method is used to apply the PU into the 
channels of a thermally-cured, flexible, soft, PDMS mold and partially UV-cured for 4 minutes. Then a second WAD is 
performed to apply the PA, which only wets the top surface of the PU but not the PDMS. Then a substrate is placed onto 
the PU-filled PDMS mold. After a 3-hour full UV curing of the prepolymers and the peeling of PDMS off of the 
substrate, a single-layer PU parallel bar structure is formed on the substrate with a thin layer of PA between each PU bar 
and the substrate. 
 
Thin metallic coating on the PU gratings by oblique angle deposition: After the PU gratings are made, a thin layer of 
metal (80-100nm), such as gold and copper is deposited onto each PU bar by e-beam thermal evaporation. Since metal 
deposition at the normal incidence not only coats the PU bars but also the exposed substrate surface in between each PU 
bar, a stationary sample holder with a tilted angle (45º) is used so that the metals are only deposited on the sidewalls and 
the top of PU bars. This is important to maximize the optical transparency of the structure. The deposition rate for the 
metals was maintained at 0.1nm/sec to ensure homogeneous metal coating. The e-beam evaporator pressure was 
maintained at 10-6 Torr during deposition. The metal thickness was chosen to be 100nm so that the sidewalls have 
narrow line-widths to allow optical transmission for visible light. 
 
Top metallic layer removal by argon ion milling technique: In order to further improve the optical transparency of the 
structure, the metal layer on top of the PU bars is removed by argon ion milling (Gatan dual mill, model 600) set at 3kV 
and 1mA at 2.8x10-4 torr. Firstly, the sample is positioned with the ion gun beam direction aligned parallel to the 
direction of the grating so that the metal sidewalls are not affected by the argon ions. The ion beam is also at a low 
incoming angle (10º) so the ion beam is etching the metal top surface at a controllable rate and the ion beam covers a 
larger area. During ion milling, the top metal layer is removed, leaving the metal sidewalls intact. The milling time 
varies between 3 to 5 min depending on the top metal layer thickness. The PU grating may be partially etched by the 
argon ions as well but this does not affect the optical transparency of the resulting structure. 
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